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Pot1 is a conserved single-stranded DNA binding protein with crucial functions in the 
protection of telomeres and maintenance of their length. In this issue of Cell, two papers 
(Hockemeyer et al., 2006; Wu et al., 2006) examine the roles of murine Pot1 homologs 
and describe intriguing new insights into how cells protect their chromosome ends from 
DNA-repair activities.Until a decade ago, telomere biology and DNA repair 
were distinct areas of research brought together only 
occasionally by the question of how chromosome ends 
may be hidden from DNA-repair proteins. Events took an 
unexpected twist when the Ku70/80 heterodimer, a key 
player in the repair of DNA double-strand breaks, made 
an appearance at chromosome ends first in yeast and 
later in mammalian cells (reviewed in Downs and Jack-
son, 2004). At the time, Ku was thought to bind swiftly 
to sites of double-strand breaks and to recruit the cata-
lytic subunit of DNA-dependent protein kinase, which 
would then serve as a landing pad for other repair pro-
teins that mediate processing of DNA ends and ligation. 
One implication of this model is that Ku is absent from 
telomeres to prevent accidental “repair” of chromosome 
ends. Consequently, the observation that Ku as well as 
other damage sensor proteins, checkpoint proteins, and 
repair proteins act in telomere protection and length reg-
ulation provided an intriguing puzzle (reviewed in d’Adda 
di Fagagna et al., 2004).
The original work on Ku is an example of the fact that 
the context in which a protein is first studied can bias 
our view of its function for many years to come. If we 
had initially thought of Ku as a factor that simply sta-
bilizes DNA ends rather than as a “repair protein,” then 
finding Ku at telomeres would have been no surprise. 
From this perspective, many of the proteins used to sig-
nal, stabilize, and process DNA strand breaks could be 
viewed as the natural choice to perform the same func-
tions in the maintenance of chromosome ends. In fact, 
ancestral versions of these proteins may well have been 
the factors that allowed the transition from circular to 
linear genomes. Over time, some of these proteins have 
evolved to carry out distinct roles at natural chromo-
some ends and strand breaks, whereas others continue 
to perform the same functions at both locations.
Protection of Telomeres
An elaborate machinery of telomere-associated factors, 
sensors, and signaling molecules monitors and preserves 
the integrity of chromosome ends. In unicellular organ-isms telomeric repeats are constantly replenished by the 
enzyme telomerase, a reverse transcriptase that uses part 
of an intrinsic RNA subunit as a template to elongate the G-
rich strand (Cech, 2004). In higher eukaryotes, telomerase 
activity is present during early development but is later lim-
ited to a select subset of cells including the germline and 
stem cells. When cells lacking telomerase divide, telom-
eres progressively shorten and eventually elicit checkpoint 
and DNA-repair responses. This halts further cell division 
and ultimately results in apoptosis or cellular senescence. 
Such coupling of proliferation to telomere integrity serves 
as an effective mechanism to prevent proliferation in the 
presence of dysfunctional telomeres.
Many proteins have been localized to telomeres in mam-
malian cells, but only Trf1 and Trf2 directly bind double-
stranded telomeric DNA, and Pot1 interacts uniquely with 
the single-stranded overhang of the G-rich strand. These 
three telomere binding proteins have recently been found 
in a complex with Rap1, Tin2, and Acd/Tpp1. Such a com-
plex may generate a closed and inaccessible state of tel-
omeres in which the single-stranded overhang bound by 
Pot1 is brought into close proximity with upstream double-
stranded sequences bound by Trf1 and Trf2, with the other 
proteins forming a bridge (Figure 1A). The identification of 
several pairwise interactions and copurification of all six 
proteins has led to the proposal that Trf1, Trf2, Pot1, Rap1, 
Acd/Tpp1, and Tin2 form a single complex that protects 
telomeres (de Lange, 2005). However, we currently know 
little about the relative abundance of the six proteins in the 
cell or about the stoichiometry within a putative complex. 
In fact, differences in the dynamic localization of Trf1, Trf2, 
and Pot1 to telomeres during the cell cycle argue against 
a single functional unit (Verdun et al., 2005). In this issue of 
Cell, two groups report a role for murine Pot1 in averting 
DNA-damage signaling at telomeres (Hockemeyer et al., 
2006; Wu et al., 2006) but also reveal profound differences 
in phenotypes between Pot1 and Trf2 knockouts. It thus 
appears that Trf1, Trf2, and Pot1 may be part of multiple 
complexes containing additional factors with distinct func-
tions in the protection of telomeres and the regulation of 
nucleolytic processing and extension by telomerase.Cell 126, July 14, 2006 ©2006 Elsevier Inc. 33
Several models have been proposed by which telo-
meric proteins may distinguish chromosome ends from 
DNA breaks. The telomeric DNA end may simply be 
sequestered by a complex of proteins and hidden from 
factors that normally recognize DNA breaks. Electron 
microscopic analysis revealed that some telomeres form 
a structure in which the 3′ single-stranded overhang 
invades internal homologous sequences to form a telo-
meric loop (t loop) (reviewed in de Lange, 2004). Such a 
conformation may hide DNA ends from nonhomologous 
end joining but would need to be resolved to allow DNA 
replication and telomere elongation by telomerase.
In yeast, single-stranded telomere binding proteins 
are critical for the protection of chromosome ends. Dele-
tion of fission yeast pot1 causes rapid and complete loss 
of telomeric DNA followed by chromosome end fusions 
(Baumann and Cech, 2001). Many cells die as fusions 
between chromosomes result in mitotic catastrophe. 
However, intrachromosomal fusions also occur and lead 
to the formation of circular chromosomes that can be 
replicated and passed through mitosis. If all three chro-
mosomes in one cell circularize, offending DNA ends 
vanish and survivors of pot1 loss emerge. These cells 
have elegantly bypassed the need for chromosome end 
maintenance by eliminating all DNA 
ends from their genome.
Pot1 binding to the single-stranded 
telomeric overhang is not only critical 
for chromosome end protection but also 
affects regulation of telomere length. 
Expression of DNA binding-defective 
mutants of Pot1 resulted in dramatic 
telomere elongation (Bunch et al., 2005; Loayza and de 
Lange, 2003). Thus the interaction between Pot1 and 
proteins bound along the length of the telomere (e.g., 
Trf1) may be crucial to converting telomere length infor-
mation into increased or decreased accessibility of the 
3′ end to telomerase. As Pot1-mediated telomere length 
control is conserved between fission yeast and humans, 
it seemed likely that roles in telomere protection would 
also be common. Indeed, the crystal structure of human 
Pot1 bound to DNA shows the specific interactions that 
would enable such end protection (Lei et al., 2004). 
However, knockdown of human Pot1 by RNA interfer-
ence resulted in only modest increases in chromosomal 
abnormalities (Hockemeyer et al., 2005; Veldman et al., 
2004; Yang et al., 2005). These observations may reflect 
partial loss of function due to incomplete knockdown. 
Alternatively, Pot1 may be less important for the protec-
tion of telomeres in mammals than it is in yeast.
Mouse Takes Two
In this issue, Wu et al. (2006) and Hockemeyer et al. 
(2006) examine the structure and function of murine Pot1. 
Surprisingly, mice have two genes encoding for Pot1-
related proteins. Hockemeyer et al. (2006) suggest that 
Figure 1. Telomere Structure and Signaling
(A) Six proteins are crucial for regulating telomere 
length and protecting chromosome ends. Their 
association can bring the single-stranded over-
hang (G-strand) into close proximity to double-
stranded telomeric sequences. These interac-
tions could generate a closed conformation of a 
telomere in which the single-stranded overhang 
is looped back and tethered to internal telom-
eric repeats through a protein bridge as shown. 
There is likely to be interconversion between 
various conformations that include linear/open 
arrangements, t loops, and other structures.
(B) Signaling at telomeres and double-strand 
breaks (DSBs) employs many of the same fac-
tors. Phosphorylated ATM and Nbs1 accumulate 
transiently at functional telomeres and somehow 
mediate elongation by telomerase and reassem-
bly of a protective complex. The same factors, as 
well as γ-H2AX and 53BP1, participate in the early 
steps of damage signaling at DSBs and at dys-
functional telomeres lacking Pot1a or Trf2. Here 
the signal results in checkpoint activation and ho-
mologous recombination (HR) and/or nonhomolo-
gous end joining (NHEJ) to repair the damage. 
Loss of Pot1b results in the specific degradation 
of the C-rich strand of telomeric DNA giving rise 
to long G-strand overhangs. A more pronounced 
damage response is observed in the absence of 
both Pot1a and Pot1b.34 Cell 126, July 14, 2006 ©2006 Elsevier Inc.
recent gene duplication has endowed rodents with Pot1a 
and Pot1b whereas humans—like fission yeast—make do 
with a single gene. However, Arabidopsis also harbors 
two pot1-like genes dubbed POT1 and POT2. Both are 
involved in telomere length regulation, but Pot2 appears 
to uniquely function in chromosome end protection (Sha-
kirov et al., 2005). Even some single cellular organisms, 
such as the ciliate Euplotes crassus, contain two Pot1-
related telomere end binding proteins. One protects the 
single-stranded telomeric overhangs, whereas the other 
functions specifically during replication of telomeric 
DNA (Skopp et al., 1996). One wonders how many other 
genomes harbor a second pot gene and whether there 
are fundamental differences in telomere biology between 
organisms with two versus one pot gene.
Despite a high degree of sequence similarity between 
mouse Pot1a and b, Hockemeyer et al. (2006) observed 
distinct phenotypes. Knockout of Pot1a alone resulted 
in early embryonic lethality, whereas mice without Pot1b 
were alive and fertile. But lack of Pot1b was not with-
out consequences; telomeres from Pot1b-deficient 
cells contained excessively long G-strand overhangs, 
a phenotype that persisted even when Pot1a was over-
expressed. Surprisingly, despite a massive increase in 
single-stranded DNA, no DNA-damage response was 
observed in these cells. In contrast, loss of Pot1a resulted 
in the formation of telomere dysfunction-induced foci 
(TIF)—which is the telomeric accumulation of certain 
DNA-damage response factors—and in chromosome 
fusions. Some functional overlap between Pota and 
Potb nevertheless exists. Pot1a/b double knockout cells 
showed enhanced TIF formation and increased chromo-
somal abnormalities and—unlike either single mutant—
ceased dividing and underwent senescence. It thus 
appears that despite functional divergence, Pot1a and b 
cooperate in telomere protection and only in the absence 
of both proteins are telomeres sufficiently unprotected 
to trigger cell-cycle arrest and senescence.
Using a different strategy, Wu et al. (2006) also gen-
erated a Pot1a knockout. The initial characterization of 
phenotypes reveals important commonalities with Hock-
emeyer et al. (2006) but also presents some intriguing 
differences. Both studies agree that Pot1a is an essen-
tial gene for mouse development and that immortalized 
mouse embryonic fibroblasts exhibit a DNA-damage 
response at telomeres following Pot1a knockout. The 
two phenotypes are distinct in that the Pot1a knockout 
cells generated by Hockemeyer et al. (2006) showed 
no apparent growth defect, whereas the knockout 
cells examined by Wu et al. (2006) failed to divide and 
underwent p53-dependent senescence. In the absence 
of p53 function, these cells proliferated and displayed 
high levels of TIF formation, increased G-strand over-
hang length, and frequent chromosomal abnormalities 
similar to the Pot1a/b double knockout generated by 
Hockemeyer et al. (2006). Future studies will need to 
clarify whether this is due to procedural or strain differ-
ences. As neither group removed more than two exons, the possibilities of partial loss of function and dominant-
negative effects through the expression of alternative 
forms of Pot1a must also be considered.
In spite of some differences in phenotypes, the new 
Pot1 knockout cell lines are an important part in the tool-
set required to dissect the sometimes confusing inter-
play of telomere maintenance, damage signalling, and 
DNA repair. If so many factors are shared, what truly 
identifies a chromosome end? Is there indeed one com-
plex that mediates protection from degradation, unwind-
ing, end fusions, and homologous recombination?
Damage Signaling at Telomeres
Whatever the molecular makeup of a protective struc-
ture present at chromosome termini, it is likely to be dis-
rupted by the passage of a replication fork. At the end 
of S phase, telomeres are left with blunt ends or short 
G-strand overhangs and are likely to be in an open and 
at least partially unprotected state. Consistent with this 
notion, the amount of telomere bound Pot1 is lowest 
during this stage of the cell cycle and phosphorylated 
ATM and Nbs1 can be detected at telomeres (Verdun 
et al., 2005). ATM autophosphorylation is also a crucial 
early step in the DNA-damage response that then leads 
to ATM-dependent phosphorylation of a variety of tar-
gets including the DNA-repair protein Nbs1. Detection 
of modified ATM and Nbs1 at telomeres in G2 therefore 
indicates that some aspects of normal telomere main-
tenance are indistinguishable from the early stages of a 
DNA-damage response (Figure 1B). But unlike at DNA 
breaks, these events at telomeres do not trigger phos-
phorylation of p53 and the checkpoint kinases Chk1 and 
Chk2 followed by cell-cycle arrest. Instead, a protective 
telomeric complex is re-established and cells proceed 
into mitosis. It appears that something about telomeres 
averts the downstream events that occur at sites of DNA 
damage. This could simply be the fact that ATM, Nbs1, 
and other proteins trigger telomere processing, which 
quickly removes the offending structure, and a full DNA-
damage response never develops. Alternatively or in 
addition, telomere-specific proteins may be instrumental 
in averting DNA-damage signaling downstream of ATM. 
An exciting finding in this context is that Trf2 can inhibit 
an ATM-dependent DNA-damage response through 
direct interaction with ATM and may do so locally at tel-
omeres to extinguish a DNA-damage response in the 
early stages (Karlseder et al., 2004).
A persistent DNA-damage response is triggered in 
cells that enter replicative senescence due to progres-
sive telomere shortening in the absence of telomerase. 
In these cells, ATM signaling leads to the accumulation 
of DNA-damage response factors at telomeres, phos-
phorylation of Chk1, Chk2, and p53, upregulation of p21 
(a Cdk inhibitor), and cell-cycle arrest. What structural 
changes must occur to trigger this response have not 
yet been determined, but they may involve a reduction of 
telomere bound Trf2 or Pot1 below a critical threshold. 
Reducing either of these two players through expres-Cell 126, July 14, 2006 ©2006 Elsevier Inc. 35
sion of dominant-negative mutants, RNA interference, or 
mouse knockouts resulted in a telomeric DNA-damage 
response but also uncovered striking differences in the 
roles of Pot1 and Trf2. In the absence of functional Trf2 
almost every telomere engages in ligase IV-mediated 
end joining. This observation indicates that the pres-
ence of Trf2, or a structure that requires Trf2 to form, is 
all that distinguishes a capped chromosome end from a 
bona fide substrate of nonhomologous end joining (Celli 
and de Lange, 2005). In contrast, when mouse Pot1a 
and Pot1b are lost from telomeres, actual repair events 
as measured by the appearance of chromosome fusions 
are much less frequent (Hockemeyer et al., 2006). These 
observations suggest that the protection of chromo-
some ends from nonhomologous end joining in mice is 
mediated by Trf2, without much contribution from Pot1.
Telomeric Recombination—Friend and Foe
Nonhomologous end joining is not the only peril for 
uncapped telomeres. Many double-strand breaks are 
repaired by homologous recombination, a repair path-
way that uses sequence information from a sister or 
homolog as a template to restore the integrity of a bro-
ken chromosome. Telomeres would appear to be ideal 
substrates for homologous recombination as identi-
cal repetitive sequences are present at the ends of all 
chromosomes. In addition, telomeres end in 3′ single-
stranded overhangs, a DNA structure that forms a cru-
cial intermediate in homologous recombination. What 
has thus long been a puzzle is how normal cells prevent 
widespread homologous recombination from occur-
ring between telomeres. Wu et al. (2006) provide some 
tantalizing data suggesting that Pot1 may be the key to 
inhibiting homologous recombination at chromosome 
ends. Following Pot1a knockout, cells accumulated evi-
dence of telomeric sister chromatid exchange, telomeric 
circles, and telomeric DNA containing double minute 
chromosomes. Consistent with increased telomere 
recombination, Hockemeyer et al. (2006) also noted an 
unusual propensity toward sister chromatid associa-
tions in Pot1a and Pot1a/b knockout cells.
So is Pot1 binding to the single-stranded overhang 
preventing homologous recombination at telomeres? 
Possibly so, but a more complex and regulated interplay 
between homologous recombination and telomeres is to 
be expected. Unlike nonhomologous end joining, which 
must be repressed at chromosome ends, some form of 
homologous recombination appears to be essential for 
normal telomere maintenance. Cells defective in Rad51D 
or Rad54, two proteins involved in homologous recom-
bination, show evidence of telomere shortening and 
chromosome fusions (reviewed in Tarsounas and West, 
2005). These proteins could be involved in the formation 
of t loops, telomere pairing, or an alternative mechanism 
of telomere lengthening. To generate a t loop, some fac-
tor may need to ensure that proximal sequences of the 
same telomere are invaded and not telomeric repeats on 
the sister or another chromosome. The high incidence 36 Cell 126, July 14, 2006 ©2006 Elsevier Inc.of telomeric sister chromatid exchanges in the Pot1a 
knockout may in fact reveal a role for Pot1a in targeting 
intramolecular strand invasion.
With new tools in hand, we are a step closer to under-
standing the intricate ways in which cells take care of 
the ends of their chromosomes. It will now be exciting to 
decipher the roles of individual telomere binding proteins 
in harnessing and guiding repair activities to contribute to 
telomere maintenance. At the same time, the rate at which 
new players are discovered shows no signs of slowing 
down, and more surprises are surely forthcoming.
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